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Abstract—Orthogonal frequency division multiplexing
(OFDM) is a multicarrier modulation scheme that achieves high
spectral efﬁciency by using minimally densely spaced orthogonal
subcarriers without increasing the transmitter and receiver
complexities. Antenna arrays are a powerful means to exploit
the spatial domain to provide an extra layer of co-channel
interference cancellation and new ways of handling unwanted
channel effects for more efﬁcient utilization of spectrum and
space at any time. An Array-OFDM system integrates OFDM
and antenna array technology to harness the spatial signatures
of received signals. This provides space diversity in multipath
channels, making it possible to realize high transmission rates
envisioned for the next generation wireless communications. In
this paper, a diversity reception algorithm is proposed for Post-
FFT OFDM systems employing an antenna array at the receiver.
Simulation studies show that the proposed Array-OFDM scheme
outperforms the conventional Multiple-Element-OFDM receiver
under various frequency-selective fading models.
I. INTRODUCTION
The highest transmission rates for 4G systems are envi-
sioned to be one to two orders of magnitude higher than the
3G, in the 20-200 Mb/s range [1], and this calls for highly
spectral efﬁcient multicarrier strategies. Orthogonal frequency
division multiplexing (OFDM) is a multicarrier modulation
scheme that achieves high spectral efﬁciency by using mini-
mally densely spaced orthogonal subcarriers without increas-
ing the transmitter and receiver complexities. It entails redun-
dant block transmissions and enables very simple equalization
of frequency-selective ﬁnite impulse response (FIR) channels,
based on Inverse Fast Fourier Transform (IFFT) encoding and
Fast Fourier Transform (FFT) decoding [2]. Antenna arrays
are a powerful means to exploit the spatial domain to provide
an extra layer of co-channel interference cancellation and new
ways of handling unwanted channel effects for more efﬁcient
utilization of spectrum and space at any time [3]. An Array-
OFDM system integrates OFDM and antenna array technology
for realizing high transmission rates envisioned for the 4G
wireless.
OFDM is robust to frequency-selective fading in wireless
channels due to the exploitation of a Guard Interval (GI),
which is inserted at the beginning of each OFDM symbol.
The insertion of the GI, which consists of a cyclic preﬁx
(CP) in Cyclic Preﬁxed OFDM (CP-OFDM), is necessary
to remove inter-block interference (IBI) and converting the
frequency-selective channel into parallel ﬂat-faded indepen-
dent subchannels. Zero Padded OFDM (ZP-OFDM), in which
zeros are padded instead of a CP, has recently been proposed
as an appealing alternative to the traditional CP-OFDM for
wireless applications because of its ability to ensure guaran-
teed symbol recovery regardless of the channel zero locations.
Other merits of ZP-OFDM over CP-OFDM include its ﬂexi-
bility in terms of complexity-scalable variants, and improved
channel variation tracking capability through semiblind pilot-
based channel estimation [2]. CP-OFDM incurs loss in the
transmitted power because a fraction of the average power
is allocated to the cyclic preﬁx and cannot be used towards
communicating data. ZP-OFDM uses a zero signal instead of
the cyclic preﬁx to reduce this loss but introduces non-linear
distortions and, therefore, needs an increased power ampliﬁer
backoff than CP-OFDM [2]. In contrast to ZP-OFDM, CP
can be used for timing and frequency acquisition in wireless
applications which is extremely important in future wireless
communication systems. Because of its relative merits, this
paper is focussed on CP-OFDM.
Performance of an OFDM system in the presence of co-
channel signals can be signiﬁcantly improved by employing
an antenna array at the receiver to form an Array-OFDM
system. By taking the geometry of the antenna elements into
consideration, an Array-OFDM system exploits the spatial do-
main to outperform the conventional Multiple-Element-OFDM
system which assumes independent antenna elements at the
receiver. Depending on whether the FFT is performed before
or after diversity combining, the structure of an Array-OFDM
system can be classiﬁed into two types: pre-FFT and post-
FFT antenna array system. Although a pre-FFT combining
diversity scheme requires only one FFT processor, reducing
the computational complexity, it has a signiﬁcant performance
degradation. Unlike the pre-FFT scheme, post-FFT scheme
is optimal in terms of maximizing the Signal-to-Noise-and-
Interference Ratio (SNIR) [4]. Therefore, in this paper post-
FFT Array-OFDM systems will be investigated and a novel
diversity reception will be proposed.
The paper is organized as follows. In Section II, the OFDM
transmitter and channels for the Multiple-Element and arrayed
receivers are modelled. Based on this modelling, an Array-
OFDM diversity reception scheme is proposed in Section III.
In Section IV, computer simulation studies are presented and
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Fig. 1. Block Diagram of an OFDM Transmitter
the performance of the proposed Array-OFDM diversity re-
ceiver is compared to the Multiple-Element-OFDM receiver,
under various frequency-selective fading channel models. Fi-
nally, the paper is concluded in Section V.
II. SYSTEM MODEL
Consider the uplink of a wireless OFDM system where the
mobile users transmit synchronously to the base station. Each
transmitter has a single transmitting antenna, but the receiver is
equipped with a set of NRx antennas. To simplify the model,
it is assumed that the receiver is fully synchronized and the
carrier frequency offset has been estimated and compensated.
Considering that the system contains a total of M transmitting
users, each user’s signal is transmitted through a frequency-
selective multipath channel modelled as an FIR ﬁlter of length
Ki. The number of subcarriers or IFFT/FFT size is Nsc and
a cyclic preﬁx( g u a r di n t e r v a l )o fNcp sampling intervals is
used so that one OFDM symbol has Nsc = Nsc + Ncp
samples. It is assumed that the system is designed such that
Nsc ≥ Ncp ≥ Ki, which implies that there is no Inter-Block
Interference.
A. OFDM Transmitter
Fig. 1 shows the block diagram of the i-th user’s transmitter
for a typical OFDM system. With reference to this ﬁgure, at
point A, the i-th user produces a sequence of unit energy
Binary Phase Shift Keyed (BPSK) data symbols {ai[k] ∈
{+1,−1},∀k ∈ N} with symbol duration Tcs. The symbol
sequence is ﬁrst serial-to-parallel converted to produce symbol
blocks of length Nsc (point B), with the n-th block denoted
as follows
ai[n]=[ ai[nNsc],...,ai[nNsc + Nsc − 1]]
T ∈ CNsc×1 (1)
Each block is then multicarrier modulated (using an Nsc-
point IFFT) and padded with a cyclic preﬁx of length Ncp.T h e
combined multicarrier modulation and GI insertion operations
can be represented by the Nsc × Nsc matrix F which, for
CP-OFDM, is given by
F =[ Fcp, FNsc] ∈ CNsc×Nsc (2)
where FNsc is the Nsc×Nsc FFT matrix with (i,j)-th element
given by exp{−j2πij/Nsc} /
√
Nsc and Fcp is formed from
the last Ncp columns of FNsc. Thus the block of symbols to be
transmitted (at point C) can simply be expressed as FHai[n].
The vector (symbol block) FHai[n] is then serialized to obtain
the symbol sequence {ai[q] ∈ C,∀q ∈ N} (at point D). This
is followed by impulse modulation with a train of impulses
having period Ts =( Nsc
Nsc)Tcs and pulse shaping with p(t)
(by using a low pass ﬁlter) to obtain the baseband transmitted
signal (point E)
mi(t)=
∞ X
q=0
ai[q]p(t − qTs),q T s ≤ t ≤ (q +1 ) Ts (3)
In this paper, it is assumed that p(t) is a rectangular pulse
waveform of duration Ts. Finally after upconversion, the i-th
user’s transmitted signal (at point F) is given by
i-th user’s transmitted signal =
p
Pimi(t)exp(j2πFct) (4)
where Fc is the carrier frequency and Pi is the transmitted
power.
B. Channel Model
The transmitted OFDM signal is assumed to experience
a wireless channel that is fading and multipath dispersive,
so that it exhibits frequency selectivity but the delay spread
is within the GI duration. The i-th user’s transmitted signal
arrives at the receiver via Ki multipaths, each with its own
fading coefﬁcient, direction of arrival (DOA) and timing of
arrival (TOA). It is slowly-varying such that its frequency
response is constant over the duration of L OFDM symbols.
Two channel models will be considered in this study. In the
ﬁrst, the receiver will involve multiple antenna elements and
the second will involve an antenna array system.
1) Multiple-Element Channel Model: Multiple-Element-
OFDM system employs independent antenna elements at the
receiver that are spaced far apart. Thus the spatial information
is ignored and the channel impulse response for each antenna
is considered independently. Fig. 2 illustrates the baseband
channel model for i-th user’s transmitted signal at the k-th
receiver antenna, where τk
ij represents the path delay and β
k
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Fig. 2. Multiple-Element Channel Model for i-th user, k-th receiver antenna
denotes the channel fading coefﬁcient of the j-th path. The
channel impulse response of the i-th user at the k-th receiver
antenna is given by
hk
i (t)=
Ki X
j=1
β
k
ijδ(t − τk
ij) (5)
Assuming that τk
il = lTs, the channel impulse response can
be expressed as a column vector β
k
i =
h
β
k
i1,β
k
i2,...,β
k
iKi
iT
.
The total received signal at the k-th receiver antenna is
the sum of signals from M users after convolution with
their respective channel responses, plus additive noise. The
baseband received signal at the k-th receiver antenna is given
by
xk(t)=
M X
i=1
Ki X
j=1
β
k
ijmi(t − τk
ij)+n(t) (6)
where β
k
ij has absorbed the complex factor √
Pi exp
¡
−j2πFcτk
ij
¢
and n(t) represents complex AWGN.
After the received signal xk(t) has been discretized with a
bank of samplers operating at a rate of 1/Ts and passed
through a bank of serial-to-parallel convertors, the received
symbol block at the k-th antenna can be modelled as
xk[n]=
M X
i=1
VikFHai[n]+nk[n] ∈ CNsc×1 (7)
where Vik is the Nsc×Nsc lower triangular Toeplitz ﬁltering
matrix with ﬁrst column
h
β
kT
i , 0T
Nsc−Ki+Ncp
iT
and nk[n]
denotes the Nsc × 1 complex additive white Gaussian noise
(AWGN) vector [2]. Note that 0N represents an N ×1 vector
of zeros.
2) Array Channel Model: Spatial signatures of the mul-
tipaths are not taken into account by the Multiple-Element
channel model. However, the array channel model takes the
receiver array geometry into consideration and overcomes this
limitation by using the concept of array manifold vector. Fig.
3 represents the baseband Scalar-Input Vector-Output (SIVO)
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Fig. 3. Array Channel Model for the i-th user as a function of the array
manifold vectors
channel model for the i-th user, where the j-th path has
path delay τij, spatial signature θij and fading coefﬁcient
βij up to the array reference point. The complex baseband
vector channel impulse response (CIR) for the i-th user can
be represented by
hi(t)=
Ki X
j=1
βijS(θij)δ(t − τij) ∈ CNRx×1 (8)
It is assumed that all transmitters are in the far-ﬁeld of
the receiver array. Hence, using the planar wave assumption,
spatial signature of the j-th path of the i-th user is given by
the array manifold vector in the direction θij, S(θij),d e ﬁned
as
S(θij)=e x p
µ
−j2πFc
c
[r1,r2,...,rNRx]Tu(θij)
¶
∈ CNRx×1
(9)
where the vectors r1,r 2,...,rNRx contain the antenna po-
sitions in Cartesian coordinates, exp(·) is the element-by-
element exponential, u(θij)=[ c o s ( θij),sin(θij),0]T and c
is the speed of light. Without any loss of generality, the
transmitters and receiver array are assumed to be stationary
and co-planar, and the array aperture is small enough for
the narrowband assumption to hold. Narrowband assumption
implies that 1/Tcs ¿ Fc, and the spatial and temporal
signatures of a particular path are identical for all subcarriers.
In this case, the total received signal at the base station array
is the NRx × 1 signal vector
x(t)=
M X
i=1
Ki X
j=1
βijS(θij)mi(t − τij)+n(t) ∈ CNRx×1 (10)
where βijk has absorbed the complex factor √
Pi exp(−j2πFcτij) and n(t) represents complex AWGN.
After sampling the received signal vector at a rate of 1/Ts,
the discretized data is stored by a bank of NRx tapped delay 
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Fig. 5. Block Diagram of the Proposed Array-OFDM Receiver
lines (TDLs) of length Nsc prior to the formation of the
discrete received signal vector x[n]. This is achieved by con-
catenating the contents of the TDLs every NscTs.A s s u m i n g
that τil = lTs and deﬁning the array manifold vector Sij
M =
S(θij), the discrete received signal vector can be written as
x[n]=
M X
i=1
Ki X
j=1
Sij⊗
¡
HiFHai[n]
¢
+n[n] ∈ CNRxNsc×1 (11)
where ⊗ is the Kronecker product, n[n] represents sampled
AWGN and Hi [n] is an Nsc ×Nsc circulant matrix with the
ﬁrst row given by
h
βi1, 0T
Nsc−Ki+Ncp,β iKi, ... ,βi2
i
.
III. ARRAY-OFDM RECEIVER
In this section, reception of the transmitted OFDM signal
using multiple antennas at the receiver is considered. Initially
the structure of the conventional Multiple-Element OFDM re-
ceiver, presented in [5], is analyzed. An Array-OFDM receiver
is then proposed by integrating array technology with OFDM.
This is followed by the derivation of the weight matrix for the
proposed Array-OFDM receiver.
A. Conventional Receiver
The structure of conventional Multiple-Element-OFDM re-
ceiver employing NRx antennas is shown in Fig. 4, where the
front-end processes the received symbol block at each antenna
separately. Guard interval removal and FFT demodulation
operations are done jointly by the matrix
G =[ O, FNsc]H ∈ CNsc×Nsc (12)
where O is an all-zero Nsc × Ncp matrix, to obtain
zk[n]=GHxk[n] ∈ CNsc×1,∀k =1 ,...,NRx (13)
This is followed by the concatenation of the decoded OFDM
symbols zk[n] for all antennas and reading the symbols every
NscTs to obtain the NscNRx × 1 vector z[n], which is then
processed by the NscNRx ×Nsc weight matrix, Wi,f o rj o i n t
equalization and array processing to yielddi[n]=WH
i z[n] ∈ CNsc×1 (14)
The impulse response of frequency selective wireless
channels is usually estimated using known pilot sequences.
Multiple-Element-OFDM receiver, presented in [5], formu-
lates Wi by Minimum Mean Square Error (MMSE) diversity
combining using these channel response estimates. After the
vectors β
k
i ∀k =1 ,...,NRx have been estimated using the
known pilot symbols, Wi is obtained by concatenating the
normalized channel transfer function vectors of the i-th user.
Finally, di[n] is parallel-to-serial converted and passed through
a decision device to yield estimates of the transmitted symbol
sequence {âi[k]}.
B. Proposed Receiver
Structure of the proposed Array-OFDM receiver is shown in
Fig. 5, where the front-end consists of a bank of NRx tapped
delay lines (TDLs) of length Nsc. After downconversion, the
discrete baseband received signal vector x[n] is processed by
an appropriately designed receiver. To construct the Array-
OFDM receiver weight, the radio channel has to be estimated
from a space-time perspective to obtain the channel parameters
of all multipaths (τij’s, θij’s and βij’s). Several algorithms
have been proposed in the literature to estimate these channel
parameters for OFDM systems. For example, [6] uses a blind
subspace-based algorithm to estimate the spatial and temporal
parameters, followed by the identiﬁcation of complex fading
coefﬁcients. Pilot-based approaches to estimate the channel
fading coefﬁcients are discussed in [2]. In this paper, it is
assumed that τij’s, θij’s and βij’s have been estimated using
such an algorithm. Receiver weight is then appropriately
designed using these estimates to provide diversity and co-
channel interference cancellation.
The NRxNsc × Nsc receiver weight matrix Wij which
achieves joint OFDM demodulation, equalization and recep-
tion for the j- t hp a t ho ft h ei-th user is given by
Wij = S(θij) ⊗
³
B
#
i GH
´H
∈ CNRxNsc×Nsc (15)
where (.)# represents pseudo-inverse and G i sg i v e nb yE q .
12. The transfer function matrix Bi is deﬁned as
Bi=
p
Nsc diag(FNsc β
i) ∈ CNsc×Nsc (16)
where β
i =[ βi1,βi2,...,βiKi,0T
Nsc−Ki]T, diag() generates a
diagonal matrix and FNsc is the Nsc × Nsc FFT matrix.
After each multipath has been decoded, Equal Gain Com-
bining (EGC) of all the spatial multipaths has to be carried out
to yield di[n]. Reception of all multipaths can be combined
with EGC to obtain the overall NRxNsc×Nsc weight matrix
for Array-OFDM receiver as follows
Wi =( [ Wi1,Wi2, ...,WiKi])
¡
1Ki ⊗ INsc
¢
∈ CNRxNsc×Nsc
(17)
Parameters Speciﬁcation
IFFT/FFT Size Nsc 64
Cyclic PreﬁxS i z eNcp 16
Signal Constellation BPSK
Inter-subcarrier Spacing (∆F) 781.25kHz
Bandwidth (1/Tcs) 50MHz
Carrier Frequency (Fc) 5GHz
TABLE I
SIMULATION PARAMETERS
User 1 User 2 User 3 User 4 User 5 User 6
Path θ1j θ2j θ3j θ4j θ5j θ6j
j =1 30◦ 315◦ 190◦ 95◦ 260◦ 145◦
j =2 55◦ 291◦ 178◦ 107◦ 235◦ 161◦
j =3 42◦ 342◦ 202◦ 97◦ 240◦ 136◦
j =4 14◦ 318◦ 135◦ 85◦ 237◦ 158◦
j =5 34◦ 334◦ 212◦ 64◦ 267◦ 133◦
j =6 25◦ 293◦ 185◦ 87◦ 285◦ 164◦
j =7 31◦ 286◦ 209◦ 99◦ 253◦ 135◦
j =8 28◦ 306◦ 135◦ 84◦ 261◦ 151◦
j =9 46◦ 360◦ 140◦ 99◦ 248◦ 150◦
j =1 0 15◦ 325◦ 135◦ 122◦ 235◦ 162◦
j =1 1 20◦ 302◦ 186◦ 104◦ 276◦ 148◦
j =1 2 32◦ 299◦ 213◦ 89◦ 265◦ 127◦
j =1 3 18◦ 345◦ 218◦ 92◦ 258◦ 131◦
j =1 4 27◦ 294◦ 205◦ 105◦ 245◦ 142◦
j =1 5 16◦ 296◦ 184◦ 90◦ 287◦ 171◦
j =1 6 44◦ 350◦ 175◦ 117◦ 245◦ 165◦
TABLE II
USERS’S PATIAL CHANNEL PARAMETERS
where IN represents an N × N identity matrix. This overall
weight matrix achieves joint OFDM demodulation and diver-
sity combining of all Ki multipaths. di[n] is then parallel-to-
serial converted and passed through a decision device to yield
estimates of the transmitted symbol sequence {âi[k]}.
IV. SIMULATION STUDIES
Computer simulations are presented in this section to high-
light the key beneﬁts of introducing antenna-array technology
in wireless OFDM systems. The simulation parameters of the
OFDM system under consideration are given in Table I. It
is also assumed that synchronization is perfect, Ki = Ncp,
τil = lTs, NRx =5and a frame of 1000 OFDM symbols is
collected each time for processing (i.e., L = 1000). Note that
Multiple-Element-OFDM receiver has 5 independent elements
and the Array-OFDM system employs a 5-element uniform
linear array (ULA) with half-wavelength spacing.
A comparison of the bit error rate (BER) performance
of Array-OFDM receiver to the Multiple-Element-OFDM re-
ceiver is now presented. First, consider a system with only
the desired user (user 1) with DOAs of its multipaths given
by the ﬁrst column of Table II. Fig. 6 and 7 present the
BER versus input SNR plots using a uniform power delay
proﬁle (PDP) and an exponential PDP model for the frequency
selective radio channel respectively. Both results show that, at
10dB input Signal-to-Noise Ratio (SNR), the BER of Array-
OFDM receiver is of the order of 10−4 or lower, whereas0 2 4 6 8 10 12 14 16 18 20
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Fig. 7. BER versus Input SNR Plot for Exponential Channel Power Delay
Proﬁle (1 user, 16 paths)
it is only 10−2 for Multiple-Element-OFDM receiver. As
the input SNR increases, the difference in BER between the
two receivers increases further, implying that Array-OFDM
receiver outperforms Multiple-Element-OFDM receiver. The
similarity of Fig. 6 and 7 shows that the proposed Array-
OFDM receiver is robust to any changes in the power delay
proﬁle of the frequency-selective radio channel. In fact, these
are representative examples using two popular channel PDP
models. Other channel power delay proﬁles should also give
similar results.
Now let us consider the multi-user case where the number
of users increases from 1 to 6 (1st user remaining the desired
user) and observe the BER of Multiple-Element-OFDM and
Array-OFDM receivers. Fig. 8 depicts the performance degra-
dation with increasing Multiple Access Interference (MAI)
when the radio channel was assumed to have a uniform PDP
and similar results are obtained for exponential channel PDP.
The spatial channel parameters (i.e. DOAs) of all users are
1 2 3 4 5 6
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Fig. 8. BER versus Number of Users Plot (Uniform Channel Power Delay
Proﬁle, 16 paths per user)
listed in Table II. All users are assumed to be co-channel with
the interfering users having same power as the desired user.
The desired user is assumed to have an input SNR of 10dB.
All the previous results indicate the superior performance of
Array-OFDM receiver in the presence of MAI and robustness
to any changes in the PDP of the radio channel.
V. CONCLUSIONS
In this paper, a diversity reception algorithm is proposed
for Post-FFT OFDM systems employing an antenna array at
the receiver. The frequency selective multipath fading channel
is characterized in terms of spatial and temporal channel
parameters. Estimates of these spatial and temporal signatures
are then used to formulate the Array-OFDM receiver weight
matrix that achieves joint OFDM demodulation, equalization
and space-time diversity reception. Simulation results show
that the proposed Array-OFDM receiver outperforms the con-
ventional Multiple-Element-OFDM receiver, especially in the
presence of multiple access interference.
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